Recent molecular phylogenetic studies revealed the extraordinary diversity of single-celled eukaryotes. However, the proper assessment of this diversity and accurate reconstruction of the eukaryote phylogeny are still impeded by the lack of molecular data for some major groups of easily identifiable and cultivable protists. Among them, amoeboid eukaryotes have been notably absent from molecular phylogenies, despite their diversity, complexity, and abundance. To partly fill this phylogenetic gap, we present here combined small-subunit ribosomal RNA and actin sequence data for the three main groups of ''Heliozoa'' (Actinophryida, Centrohelida, and Desmothoracida), the heliozoan-like Sticholonche, and the radiolarian group Polycystinea. Phylogenetic analyses of our sequences demonstrate the polyphyly of heliozoans, which branch either as an independent eukaryotic lineage (Centrohelida), within stramenopiles (Actinophryida), or among cercozoans (Desmothoracida), in broad agreement with previous ultrastructure-based studies. Our data also provide solid evidence for the existence of the Rhizaria, an emerging supergroup of mainly amoeboid eukaryotes that includes desmothoracid heliozoans, all radiolarians, Sticholonche, and foraminiferans, as well as various filose and reticulose amoebae and some flagellates.
M
olecular phylogenetic studies have demonstrated the existence of an extraordinary diversity of unicellular eukaryotes, which form up to eight major groups in the eukaryotic tree of life (1, 2) . This diversity might even be higher, according to recent environmental DNA studies that revealed a number of extremely small undescribed taxa among these major groups, as well as some candidate phylotypes representing new higher-level diversity among eukaryotes (3, 4) . However, the proper assessment of this diversity is impeded by the fact that there are still numerous major groups of easily identifiable and cultivable protists for which only little or no molecular data exist (2) . DNA sequences are particularly scarce for amoeboid eukaryotes. Only recently did sequence data for a broad taxonomic sampling of lobose amoebae become available (5) (6) (7) . Here, we present combined small-subunit ribosomal RNA (SSU rRNA) and actin genes sequence data for the main groups of heliozoans and radiolarians, which together form the bulk of axopodia-bearing protists (the Actinopoda), the last group of amoeboid protists remaining largely unexplored at the molecular level.
Traditionally, all free-living heterotrophic protists characterized by long radial axopodia supported by a bundle of microtubules were grouped into the superclass Actinopoda (8) . This group included the marine, usually planktonic, radiolarians and the primarily freshwater heliozoans, also called sun-animalcules. Originally, Radiolaria were classified by Ernst Haeckel (9) into three groups: Acantharea, Phaeodarea, and Polycystinea, considered later as three independent classes based on differences in the composition of the skeleton and the structure of the central capsule (10) . The Heliozoa, another group described by Haeckel (11) , included initially only two freshwater actinophryids, Actinophrys and Actinosphaerium. Later, several other axopodia-bearing protists were added to this taxon, forming a large heterogeneous class, which comprised from five (12) to eight (13) orders. However, based on differences in the patterns of ultrastructural organization, it has also been proposed that Heliozoa are composed of several evolutionarily unrelated groups (14, 15) . In a recent classification of protists, four monophyletic heliozoan orders have been distinguished (Actinophryida, Centrohelida, Desmothoracida, and Gymnosphaerida), whereas the rest of heliozoan-like taxa, including Sticholonche zanclea, the only member of the order Taxopodida, was classified as ''other Heliozoa'' (16) .
The advent of molecular phylogenies did little to resolve the position of Actinopoda in the tree of life. The first analysis of SSU rRNA gene sequences of the radiolarian Acantharea and Polycystinea suggested an independent origin for these groups (17) , yet more recent analyses challenged this result using environmental SSU rRNA gene sequences (18) . The first SSU rRNA sequences of the heliozoan order Centrohelida and of a Dimorpha-like strain were only recently published (19, 20) . Finally, we obtained very recently the first SSU rRNA data on the third group of radiolarians, the Phaeodarea, revealing that this taxon is not related to acanthareans and polycystines (21) . However, SSU rRNA gene sequence data are still lacking for most heliozoans, and there are no protein data available yet for any member of the Actinopoda.
To fill this gap and to unravel the origins of the different axopodia-bearing protists, we obtained and analyzed sequence data for most groups classically belonging to Actinopoda. Our study includes previously undescribed SSU rRNA and actin gene sequences for representatives of the three main orders of Heliozoa (Actinophryida, Centrohelida, and Desmothoracida), the SSU rRNA gene sequence of the taxopodid S. zanclea, as well as actin gene sequences for two species of Polycystinea and the filose amoebae Gromia oviformis (Cercozoa: Gromiidae), Lecythium sp. (Cercozoa: Chlamydophryidae), and Nuclearia simplex (Opisthokonts: Nucleariidae). 2 O 0.006‰, pH 6.5-7.5). Marine heliozoans from the IBIW RAS culture collection were fed with Procryptobia sorokini, and marine heliozoans from the CCAP culture collection were fed with Tetrahymena sp. The freshwater heliozoans were fed with Bodo saltans. All food sources were cultivated separately from their predator and fed with Aerobacter aerogenes. The taxopodid S. zanclea and the polycystines Collozoum inerme and Thalassicolla pellucida were collected in the Mediterranean Sea (Villefranche-sur-Mer, France). These species were processed directly after isolation; the DNA extracts contained from 9 to 20 specimens in the case of S. zanclea, two specimens in the case of T. pellucida, and one colony per extract in the case of C. inerme. DNA was extracted by using the DNeasy Plant Minikit (Qiagen, Basel). RNA extractions were performed with the Cells-tocDNA II RNA extraction kit (Ambion, Austin, TX).
DNA Amplification, Cloning, and Sequencing. All SSU rRNA gene sequences were amplified from DNA in one or several unambiguously overlapping fragment(s) by using universal and specific external or internal primers, except the sequence of C. elegans, which was obtained from RNA. Actin genes of the desmothoracid H. cf. spinifera, the centrohelids P. erinaceoides and R. ambigua, all actinophryids, both polycystines, and the three filose amoebae were obtained from DNA. Actin genes of the desmothoracid C. elegans and the centrohelids C. sterni and H. marina were obtained from RNA. A list of all primers used in our study is given in Table 1 , which is published as supporting information on the PNAS web site. PCR amplifications, cloning, and sequencing were done as described (6) . The 25 previously undescribed sequences reported in this paper were deposited in the GenBank͞European Molecular Biology Laboratory database (see Table 2 , which is published as supporting information on the PNAS web site, for the species names, taxonomic position, and accession numbers of all SSU rRNA and actin gene sequences used in our analyses). Sequences alignments are available upon request from J.P.
Phylogenetic Analyses. The SSU rRNA gene sequences were manually aligned by using the GENETIC DATA ENVIRONMENT software (GDE), Version 2.2 (22) , following the secondary structure model proposed by Wuyts et al. (23) . Sequences from public databases were selected so that (i) all available amoeboid organisms and major taxonomic groups of eukaryotes were present, and (ii) the taxon sampling matched the organisms for which actin gene sequences are available; only highly diverging lineages such as Microsporidia and Diplomonadida were omitted. One hundred and eleven sequences were included, and a total of 1,164 unambiguously aligned positions were used in the phylogenetic analyses. A Bayesian analysis of the data was performed with MRBAYES, Version 3.0b4 (24) , by using the general time reversible (GTR) model of substitution (25, 26) and taking into account a ␥-shaped distribution of the rates of substitution among sites, with eight rate categories. Five million generations were run, and 50,000 trees were sampled, 10,000 of which were discarded as burn-in. Parameters estimated from the 40,000 remaining trees were then used to infer an evolutionary tree with the maximum likelihood (ML) method (27) by using PAUP*, Version 4.0b10 (28) . A distance tree was obtained by using the BIONJ (29) option in PAUP* with ML-corrected distances and was used as a starting tree for the ML search, then swapped with the tree-bisection-reconnection algorithm. The reliability of internal branches was assessed by using the posterior probabilities (PP) calculated with MRBAYES. Additionally, the bootstrap method (30) was used with 1,000 replicates for distance analyses, performed with PAUP* as described above.
The actin protein sequences were manually aligned by using GDE. Sequences from public databases were selected so that all available taxonomic groups of eukaryotes were represented, but the highly diverging actin sequences of ciliates, microsporidians, diplomonads, and trichomonads were discarded. Sixtyeight sequences were included, and a total of 241 amino acid positions were used in the phylogenetic analyses. A Bayesian analysis of the data was performed with MRBAYES by using the Whelan and Goldman (WAG) substitution matrix (31) and taking into account a proportion of invariable sites and a ␥-shaped distribution of the rates of substitution among variable sites, with eight rate categories. Two million seven hundred fifty thousand generations were run, and 27,500 trees were sampled, 2,500 of which were discarded as burn-in. An evolutionary tree was inferred with the ML method by using the same evolutionary model. All necessary parameters were estimated from the data by using tree-puzzle, Version 5.0 (32), and the tree topology was constructed with the PROML program of the PHYLIP package, Version 3.6a3 (33) , using the R option with 10 input order jumbles and global rearrangements. Again, the reliability of internal branches was assessed by using the PP calculated with MRBAYES. Additionally, the bootstrap method was used with 500 replicates, based on distance analysis using the program NEIGHBOR of PHYLIP. For each data resampling, WAG ϩ G ϩ I corrected distances were calculated by TREE-PUZZLE with the utility PUZZLEBOOT (shell script available from www.tree-puzzle.de), using the parameters previously estimated.
A supertree was reconstructed from the PP consensus trees of the Bayesian analyses of 111 SSU rRNA sequences and 68 actin sequences, using the program RADCON, Version 1.1.5 (34) .
Results
We obtained SSU rRNA sequences from four centrohelids, two desmothoracids, one actinophryid, and the taxopodid S. zanclea (see Table 3 , which is published as supporting information on the PNAS web site, for a description of the length and GC content of these sequences). Actin sequences were obtained from three centrohelids, two desmothoracids, three actinophryids, and two polycystines. Two distinct gene sequences were found for A. sol and C. inerme, and three for A. nucleofilum, but only one for all other species. Because actin sequences are available only for a limited taxon sampling of amoeboid organisms, we also obtained an actin sequence from the filose amoebae G. oviformis, Lecythium sp., and N. simplex.
The results of our analyses are presented in the form of a supertree reconstructed from Bayesian PP consensus trees of SSU rRNA and actin genes (Fig. 1 ). Separate analyses of both genes are in Figs. 2 and 3, which are published as supporting information on the PNAS web site. The tree shown in Fig. 1 is presented with a basal dichotomy between unikonts (opisthokonts ϩ Amoebozoa) and bikonts, following a recent hypothesis (35) . The phylogenies of eukaryotes inferred from SSU rRNA and actin genes using a Bayesian method are remarkably congruent, and all major groups of protists are recovered. Provided that the rooting of the trees is correct, Bayesian analyses of SSU rRNA and actin genes strongly support the relationship between heteroloboseans and euglenozoans (PP of 1.0 for both genes) and quite robustly support a sister-group relation between alveolates and stramenopiles (PP of 0.95 and 0.90), as well as the monophyly of Amoebozoa, including mycetozoans and archamoebae (PP of 1.0 and 0.70). Furthermore, the SSU rRNA Bayesian analysis suggests a grouping of apusomonads, Ancyromonas, and the mysterious ''Mastigamoeba'' invertens (PP of 0.80), which together form the most basal branch of the bikont radiation, albeit with weak support (PP of 0.68). In addition, oxymonads, Trimastix, Malawimonas, jakobids, and discicristates (Heterolobosea ϩ Euglenozoa) cluster weakly (PP of 0.66) in what corresponds to the recently proposed supergroup of excavates (36, 37) .
The phylogenetic position of the three major heliozoan groups is congruent in analyses of both SSU rRNA and actin genes. The Actinophryida branch within stramenopiles, with PP of 1.0 for both genes and bootstrap support values (BV) of 71% and 98%. Desmothoracida form a monophyletic lineage among core Cercozoa (PP of 1.0 and BV of 94% for SSU rRNA analyses; the group is not supported in actin analyses), and Centrohelida form an independent lineage of eukaryotes. The four SSU rRNA sequences of centrohelids that we obtained clearly branch with those published by Cavalier-Smith and Chao (19) and, because sequences from same strains (C. sterni and R. ambigua) were identical, only one of each was kept in our analyses. The monophyly of centrohelids is supported by PP of 1.0 in analyses of both genes, but their relations to other eukaryotes are not identical. In the SSU rRNA tree, centrohelids branch as a sister group to an unidentified microheliozoan, and together they form a weakly supported clade with Glaucophyta and Cryptophyta (PP of 0.67 and BV Ͻ50%). In the actin tree, Centrohelida, Cryptophyta, and Haptophyta form a series of independent lineages among the bikonts, whereas glaucophytes branch as the sister group to Viridiplantae. In addition, SSU rRNA analyses reveal that S. zanclea branches between the radiolarian classes Polycystinea and Acantharea (PP of 1.0 and BV of 80% for SSU rRNA analyses), whereas the third radiolarian class, the Phaeodarea, branches within core Cercozoa (PP of 1.0 and BV of 94% for SSU rRNA analyses). Thus, the actinopods as a whole form at least five evolutionarily independent lineages among eukaryotes. Three of these lineages, Phaeodarea, Desmothoracida, and the clade Acantharea ϩ Polycystinea ϩ Taxopodida, cluster together in the Rhizaria, a strongly supported clade (PP of 1.0 and BV of 72% for SSU rRNA analyses, PP of 1.0 and BV of 59% for actin analyses), which also comprises core cercozoans, the parasitic Phytomyxea and Haplosporidia, Gromia, and foraminiferans.
Discussion
Polyphyly of ''Heliozoa.' ' The independent branching of Actinophryida, Centrohelida, and Desmothoracida in SSU rRNA and actin trees provides molecular evidence that ''Heliozoa'' represent an artificial assemblage, in agreement with previous ultrastructure-based studies (15, (38) (39) (40) . This finding confirms that heliozoan axopodia are not homologous structures but convergent adaptations, probably for passive predation, the principal mode of feeding of most heliozoans (41) . The congruence between molecular and ultrastructural data observed for some heliozoan taxa is remarkable and emphasizes the importance of ultrastructure for protistan phylogeny (42) .
The position of actinophryids within stramenopiles is congruent with their close relationship to pedinellid helioflagellates, as suggested by numerous ultrastructure studies (38, 39, 43) . Actinophryids and pedinellids resemble each other in the nuclear termination of their axonemes, possessing tubular mitochondrial cristae, and having a particular type of simple extrusomes (39) , which differ from the complex kinetocysts of centrohelids, desmothoracids, gymnosphaerids, and dimorphid helioflagellates (41, 44, 45) . According to both morphological and molecular data, the pedinellids clearly belong to stramenopiles (46, 47) , but for the present, their relation to actinophryids remains unresolved. SSU rRNA analyses performed on stramenopiles indicate only that A. eichhornii branches within the terminal radiation of mainly autotrophic heterokont algae, which also includes the pedinellids. However, due to an unusually rapid rate of substitution in the SSU rRNA gene of A. eichhornii, its exact phylogenetic position cannot be established (data not shown). On the other hand, the lack of monophyly of actinophryids in the actin tree (see Fig. 3 ) suggests that this marker is not ideal for resolving the phylogeny of stramenopiles.
Ultrastructural and molecular data are also in agreement concerning the placement of Desmothoracida among Cercozoa, both groups having tubular mitochondrial cristae and a similar type of extrusomes (44, 45, 48, 49) . In the SSU rRNA tree (Fig.  2 ), C. elegans and H. cf. spinifera branch between Gymnophrys cometa and Massisteria marina, two amoeboid flagellates that possess complex life cycles, including both a biflagellate and an amoeboid stage similar to that of Desmothoracida (48, (50) (51) (52) . Actin analyses support the inclusion of desmothoracids within Cercozoa (Fig. 3) and, given the available taxon sampling, suggest a relationship with the chlorarachniophytes, another lineage at the base of core Cercozoa in SSU rRNA trees (Fig. 2) . Interestingly, a recent sequence from a Dimorpha-like strain also branches among core cercozoans (20). However, SSU rRNA analyses performed on cercozoans only do not allow convincing testing of the hypothesis of a relation between dimorphids and desmothoracids, as suggested by some authors (38, 41) , because of the lack of resolution at the base of core cercozoans (data not shown).
On the other hand, neither ultrastructure nor molecular data help to resolve the position of Centrohelida. Centrohelids have been proposed to be related to dimorphids (53, 54) or to gymnophryids (52) , but the first analyses of centrohelid SSU rRNA gene sequences showed that they form an independent protozoan lineage (19) . In our analyses, the Centrohelida branch either independently (actin) or within the clade of Cryptophyta ϩ Glaucophyta (SSU rRNA), although the support for the latter relation is weak (PP of 0.67 and BV Ͻ50%). Centrohelida and Cryptophyta share the absence of cell walls and the presence of flattened mitochondrial cristae, and some species of Cryptophyta possess siliceous scales, a typical feature of all Centrohelida (16, 40, 55) . Thus, a phylogenetic relationship between these taxa cannot be completely discarded and should be explored with additional protein-coding genes.
Polyphyly of ''Radiolaria.'' Our study confirms the polyphyletic origin of Radiolaria sensu Haeckel. The Bayesian analysis of SSU rRNA gene sequences ( Fig. 1; see also Fig. 2 ) strongly supports the position of Phaeodarea among core Cercozoa, separately from Acantharea and Polycystinea, in agreement with Polet et al. (21) . This position is congruent with the fact that phaeodareans display both biflagellate and amoeboid stages in their life cycle (56), as do most cecozoans. The Phaeodarea differ from other radiolarians by (i) the presence of central capsule with only three apertures, (ii) the incapacity to secrete strontium sulfate, (iii) the lack of symbionts, and (iv) the absence of cross bridges between the microtubules of their axopodia (57) (58) (59) .
Our analyses also support the common origin of Acantharea and Polycystinea, as previously demonstrated (18) . In view of our data, however, the Acantharea ϩ Polycystinea clade also includes S. zanclea, the only member of the order Taxopodida. Taxopodida was first described as a separate order of Rhizopoda (60) . Some authors have placed it among Radiolaria based on morphological organization (61), but later S. zanclea was moved to Heliozoa based on ultrastructural observations (62), a position retained in most classifications (10, 63) . The placement of Taxopodida in the Acantharea ϩ Polycystinea clade is in agreement with the fact that, like these radiolarians, S. zanclea does not have kinetocysts and uses its axopodia for floating rather than for predation, contrary to heliozoans (13) .
Interestingly, one of the environmental sequences (DH145-KW16) used by López-García et al. (18) to demonstrate the monophyly of Acantharea and Polycystinea is very close to our sequence of S. zanclea. These two sequences and another partial environmental sequence (CS_E043), recently published by Edgcomb et al. (64) , form a robust clade in analyses based on partial SSU rRNA sequences (Fig. 4 , which is published as supporting information on the PNAS web site). This suggests that S. zanclea might not be the only member of Taxopodida or might represent a species complex. Four additional environmental clones (DH145-HA2, C1E045, CSE020, and AT4-94), the latter published by López-García et al. (4) , form four independent lineages branching among Acantharea, the spumellarid Polycystinea, and Taxopodida, suggesting the existence of other groups of eukaryotes closely related to them (Fig. 4) . One of these phylotypes might represent the Nassellarida, the yetunsequenced second order of Polycystinea. These observations stress the importance of a comprehensive molecular taxonomic sampling of identifiable and͞or cultivable protists for an accurate interpretation of environmental DNA surveys of eukaryotic diversity.
The Rhizaria, an Emerging Supergroup of Mainly Amoeboid Eukaryotes. The early molecular phylogenies of eukaryotes showed the different lineages of amoeboid protists to be widely dispersed in SSU rRNA trees (17, 65) . However, with increasing gene and taxon sampling and improved methods of phylogenetic analysis, it is now becoming evident that at least some lineages of amoeboid eukaryotes are closely related (1, 2) . Recent multigene (66) and broad taxon sampling (5, 6) studies confirmed the existence of the phylum Amoebozoa, which comprises all lobose amoebae sequenced to date, as well as the pelobionts, the entamoebids, and the slime molds (see also Fig. 1 ).
The present study demonstrates that another supergroup of mainly amoeboid eukaryotes is emerging in molecular phylogenies. This group appeared first as the union of the euglyphid filose amoebae with the chlorarachniophytes (67). CavalierSmith and Chao (68) showed these taxa to be related to the heterotrophic cercomonad and thaumatomonad flagellates and the plasmodiophorid plant pathogens, and the new phylum Cercozoa was erected to accommodate this assemblage (69) . Further SSU rRNA studies confirmed the apparent heterogeneity of this phylum, which also includes the haplosporidian and paramyxean parasites, the Phaeodarea, and other amoeboid protists like Gromia and Gymnophrys (21, (70) (71) (72) . Protein data indicate that Foraminifera are related to Cercozoa (73) (74) (75) . An evolutionary link between Cercozoa and Acantharea ϩ Polycystinea was also suggested by some SSU rRNA trees (70, 71) . Here, we show that Bayesian analyses based on a broad taxon sampling of SSU rRNA gene sequences lead to a very strong support (PP of 1.0) for the relationship among Acantharea, Polycystinea, Foraminifera, and all Cercozoa, including Phaeodarea ( Fig. 1; see also Fig. 2) . Besides, Bayesian analyses of actin gene sequences, including the first radiolarian protein data, bring strong independent evidence (PP of 1.0) for the existence of this supergroup ( Fig. 1; see also Fig. 3 ). By adding Taxopodida and Desmothoracida to it, our study further broadens this diverse assemblage of protists, which, in its present form, includes the majority of filose and reticulose amoebae and most actinopods, plus two parasitic lineages and some flagellates.
To name this supergroup, we adopt here the term Rhizaria, proposed by Cavalier-Smith (36) , which refers to the root-like filose or reticulose pseudopodia and͞or axopodia characterizing the majority of the taxa included in it. Members of the Rhizaria are ancestrally bikonts with tubular mitochondrial cristae; the centrioles ancestrally possess a single root of a microtubular band or fan, and extrusomes, when present, are generally in the form of kinetocysts (36) . Our results (Fig. 1) support the recent redefinition of the Rhizaria at the exclusion of centrohelids and apusozoans (76) . Rhizaria could thus be defined as the clade including the last common ancestor of Thalassicola, Gromia, Allogromia, Plasmodiophora, and Chlorarachnion, and all of its descendants. However, at this stage, the relationships among the major groups included in this clade cannot be resolved. In SSU rRNA gene analyses (Fig. 2) , Foraminifera are more closely related to Gromia and Haplosporidia than to any other eukaryotic lineage (77) , whereas the radiolarian clade (Acantharea ϩ Polycystinea ϩ Sticholonche) is the sister group to other Rhizaria. The basal position of this clade seems to be confirmed by unpublished data on polyubiquitin (D. Moreira and T. CavalierSmith, personal communication), which show the lack of the one or two amino acid insertions characteristic of Cercozoa and Foraminifera at the junctions between polyubiquitin monomers (74) . Nevertheless, because the existence of a diverging second type of actin in Foraminifera embroils relationships at the base of the Rhizaria (Fig. 3) , additional protein data will be needed for a better resolution of the rhizarian phylogeny.
Interestingly, with testate filose amoebae, foraminiferans, and all radiolarians being included in Rhizaria, this supergroup comprises the most ancient and the richest source of known indisputable eukaryotic microfossils (78, 79) . Future molecular studies on Rhizaria will provide a unique insight into the dawn of skeletonization and the evolution of pseudopodial movement.
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